Partially denatured 16S and 23S rRNAs from the thermophile Bacillus stearothermophilus show characteristic loop patterns when observed by electron microscopy. The patterns are very similar to those seen in rRNAs from Escherichia coli. At least 2 of 4 most stable interactions in 16S rRNA and 8 of 12 interactions in 23S rRNA are in common for the two species. These interactions correspond well to features of secondary structure California, Santa Cruz, 1982). Many of these predicted structural features have been observed directly by electron microscopy of E. coli rRNAs (7, 8) . In addition, electron microscopy can specify which base-paired stems are among the most stable to denaturation; in E. coli these include some of the stems which define the major structural domains in 16S and 23S rRNA (7, 8) .
Secondary structures have been predicted for Escherichia coli 16S and 23S rRNA based in part on comparative analysis of rDNA sequences from different species (1, 6, 10, 11, 14, 16 ; J. L. W. Kop, Ph.D. thesis, University of California, Santa Cruz, 1982). Many of these predicted structural features have been observed directly by electron microscopy of E. coli rRNAs (7, 8) . In addition, electron microscopy can specify which base-paired stems are among the most stable to denaturation; in E. coli these include some of the stems which define the major structural domains in 16S and 23S rRNA (7, 8) .
Sequence data from E. coli and Bacillus stearothermophilus 23S rRNA have been compared to help infer a secondary structure model for this rRNA (10, 11) . We have compared the qualitative structures observed in E. coli rRNA by electron microscopy with those of the evolutionarily distant B. stearothermophilus. Unlike E. coli, which is facultatively anaerobic, gram-negative, and mesothermic, B. stearothermophilus is obligately aerobic, gram-positive, and thermophilic.
The results show that the basic domain structure and major loops are very similar in the two organisms, although some differences are observed in the stability of corresponding loops. The consistency of the data with published secondary structure models reinforces the models and further validates microscopy of partially denatured RNA as a tool for investigating secondary structure.
MATERIALS AND METHODS
Isolation of RNA. E. coli D10 (5) was grown in L broth at 37°C; the standard strain of B. stearothermophilus (from M. Nomura) was grown at 65°C. 30S and 50S ribosomal subunits were prepared from frozen cells, and the 16S and 23S rRNAs were isolated, characterized, and stored as described previously for 23S rRNA of the 50S ribosomes (7, 8) .
* Corresponding author.
Electron microscopy. The samples were prepared for electron microscopy as described previously (7, 8) with a hyperphase of 50% formamide-10 mM Tris (pH 8.0) and various concentrations of NaCl and either MgCl2 or EDTA.
In this analysis, two ionic conditions were investigated for the E. coli and B. stearothermophilus 16S rRNA samples: 10 mM NaCl, 1 mM M9Cl2 and 50 mM NaCl, 1 mM MgCl2. A total of 212 B. stearothermophilus molecules were analyzed, with a mean length of 0.51 + 0.5 ,um, which is in agreement with earlier determinations for E. coli (7) . For 23S rRNA, 235 B. stearothermophilus molecules had a mean length of 0.99 ± 0.10 ,um, which is again similar to results with E. coli (cf. reference 8) .
As in earlier analyses (7, 8) , all molecules with clear contours were traced and digitized in the samples of B. stearothermophilus rRNA. Base pairing in rRNA creates extensive secondary structure, but in the partially denaturing conditions used, only the most stable features remain. Of these, electron microscopy discerns the long-range interactions. Two kinds of structure are seen (7, 8) (Fig. 1 between two domains. The sizes of composite loops were then determined by fitting the loop size distribution for each domain with a set of Gaussian peaks to estimate significance and standard deviations (4) . The location of each loop is given by the position of its midpoint (Tables 1 and 2 ). Loop midpoints were determined as the mean location (nucleotide number) of a given loop size within the domain.
Thermodynamic comparisons. To compare the relative stability of individual base-paired regions in the predicted secondary structures of E. coli (1, 6, 10, 11, 15, 17) and B. stearothermophilus (10, 17) , the free energies of these regions were estimated by using the Tinoco rules (15) as modified by Salser (14) and Tinoco and others (2) on available sequence data.
For the B. stearothermophilus 23S rRNA, the free energies of base-paired segments were calculated by using the predicted secondary structure (10, 15, 17 ; Kop, Ph.D. thesis) (see Table 2 ). The predicted relative stabilities of corresponding loops in B. stearothermophilus and E. coli were then compared, based on the differences in AG' values (see Table  3 ). The calculated differences are listed for individual basepaired regions. Since the loops resulting from several of these interactions cannot be resolved by electron microscopy they are bracketed, and a single entry is listed in the last column of Tables 25 and 28 in reference 17). Thus, the loops in this domain of 16S rRNA are expected to have a very similar stability in the two species.
RESULTS AND DISCUSSION
The ribosome cycle is similar in all bacteria studied; and rRNAs and total r-protein from B. stearothermophilus and E. coli are interchangeable in the formation of chimeric active ribosomes (12) . Thus, profound structural similarities between E. coli and B. stearothermophilus ribosomes can be expected.
On the other hand, ribosomes from B. stearothermophilus often do not translate mRNAs from gram-negative bacteria (3, 9) , and their levels of antibiotic sensitivity are rather different. Also, the B. stearothermophilus ribosomes must function at 65°C (far above heat shock temperatures for E. coli). The rRNAs may therefore differ considerably in structure or stability, and one might expect the structure in B. stearothermophilus rRNA to be generally more stable.
Basic loop patterns: domains and orientation. The pattern of loops observed by electron microscopy in partially denatured rRNA isolated from B. stearothermophilus was analyzed in detail and compared with the loop pattern observed in E. coli rRNA. The mean lengths of rRNAs were comparable for the two species (see below). Examples of the prominent features of the loop patterns are shown in the electron micrographs in Fig. 1 . The loop patterns are almost identical for the 16S rRNA of these two species (cf. Fig. 1A with Fig. 1 of reference 7) . In both cases the loops tend to occur in three location domains, with loops more prominent in the two outside domains. A result for 23S rRNA, again similar to that for E. coli (8) , is shown in Fig. 1B . The most striking feature is a pair of closely spaced loops near one end of the molecule.
As a result of the similarity in rRNA loops between E. coli and B. stearothermophilus, the orientation of the loop patterns observed in B. stearothermophilus is based on the schemes described previously for E. coli rRNA (see above). By using the scaled, oriented molecules, three-dimensional histograms were constructed ( Fig. 2A and B In domain III, near the 3' end, the loop size distribution is too complex to fit easily with a unique set of loop sizes. Therefore, the data for this region are presented in the form of a loop size histogram in Fig. 3A (cf. Fig. 3B for E. coli). The loop sizes within this distribution range from 150 to 600 nucleotides in length; the most prominent feature is a loop about 250 nucleotides long.
Comparison with E. coli 16S rRNA. 17). The average number of loops per molecule is about three for both species at the two ionic concentrations investigated (1 mM Mg2' and 10 or 50 mm NaCi). Another striking similarity is the three-domain structure, which appears to be a hallmark of the bacterial small subunit rRNA (17) .
Similarities also exist in the loop pattern within each of the domains. These similarities are illustrated in Fig. 4 , in which the loops identified in both species are indicated on the widely accepted secondary structure of 16S rRNA from E. coli (1, 6, 10, 15, 17) . The most obvious similarity is in domain I, in which the most prominent feature in both samples is the large terminal 370-to 380-nucleotide loop. Also in both samples, a smaller, less-frequent loop exists in domain I. However, these smaller loops differ substantially in size, approximately 100 nucleotides in the E. coli structure and closer to 200 nucleotides in the B. stearothermophilus structure. The small loop identified in the B. stearothermophilus structure does not correspond well to any of the features predicted in the E. coli structure; therefore, it is not indicated in Fig. 4 domain III loop size histogram (Fig. 3) . In E. coli (Fig. 3B) , the loop size distribution is very broad, extending from 150 to 600 nucleotides with few if any individual features evident. Smaller-sized loops tend to be more frequent in the B. stearothermophilus samples.
There exists partial sequence data for the 3' end of 16S rRNA from B. stearothermophilus. The stabilities of basepaired sequences in E. coli and B. stearothermophilus can thus be compared. The stabilities of predicted base-paired regions are very similar (see above), which leads to a prediction of very similar 3' loop patterns for the 16S rRNA molecules in the two species. The small differences actually observed may reflect variations in response to the ionic conditions investigated or could result from variations of relative loop stability in the 3' region which can even occur in different E. coli 16S rRNA preparations (7) .
Loop patterns within domains of 23S rRNA. A total of 1462 loops were analyzed in 235 molecules at three ionic conditions: lOmM NaCl, 0.3 mM MgCl2; 50 mM NaCl, 0.5 mM MgCl2; and 80 mM NaCl, 5 mM EDTA. The number of loops per molecule decreased from the first to the third of these conditions, from 5.4 to 4.0 to 3.8 (±1.5) for B. stearothermophilus, and from 4.0 to 3.2 to 2.9 (±1.5) for E. coli. This trend is again consistent with earlier findings with E. coli (8) .
Six discrete loop location domains were identified ( Fig. 5 , top; two of these are designated as subdomains II-1 and II-2; the others are I and III through V). Of these six domains, domain IV (centered at 1900 nucleotides) and domain V (centered at 2400 nucleotides) are most prominent. In addition, there is a small 5'-terminal domain at 300 nucleotides. This is followed by two closely spaced subdomains: II-1 at 800 nucleotides and II-2 at 1100 nucleotides. Domain III is visible as a shoulder near domain IV, at 1500 nucleotides. Table 1 ). Lines A and C show the two large loops identified in this analysis. Line B shows all frequent loops determined (see text). nuc, nucleotides. Domain IV is one of the two most structured regions in the 23S rRNA pattern (Fig. SA) . It is dominated by a loop of 260 nucleotides, but the distribution of loop sizes is broad, indicating the presence of less prominent loops of different sizes that are not resolved in this analysis.
The other prominent region in 23S rRNA is domain V. In this case, all three loops identified occur frequently: 170, 380, and 610 nucleotides in length.
In addition to the 11 loops described thus far, two very large additional loops occur at low but appreciable frequencies. They are 1050 and 1700 nucleotides in length and appear to enclose the features of the individual domains near the 3' end. Their locations and sizes are indicated in Fig. SB . A linear representation of the sequences in major loops is inferred from the data in Fig. 5A . In Fig. SB Table 2 ) (10) . The AGO values were calculated as described in the text, and the A(AG0) values were derived from them.
b Expected relative variation in B. stearothermophilus loops larger than 100 nucleotides. Symbols: -, predicted to be relatively more stable in B.
stearothermophilus; 0, no difference predicted; +, predicted to be more stable in E. coli. nent loops (Table 2) . However, there are discrepancies between observed and expected frequencies in several domains, as follows. Domain I shows two broad loops which do not correspond well to the predicted structure. Each loop may include two similar loops that are not well resolved in the analysis. The resolution is poor in part because the frequencies are unexpectedly low. From previous studies, loops with base-paired stems of AG' < -10 kcal may be observed under these conditions of electron microscopy (7, 8) . However, for the loop in domain IB, the stabilities of the predicted loops, calculated from AG' values of the two stems (Table 2) , are large (negative AG0 values) and comparable to those for loops in domains II, III, and IV; but the feature is observed under the electron microscope much less frequently.
In general, the agreement between observation and prediction is much better in other domains, but some additional exceptions are seen. For example, in domain II, there is a good correspondence of the observed and predicted loop patterns; the loop in dotnain II-2A is the most frequently observed, which is in accord with its more negative free energy. However, the large 680-nucleotide loop predicted to encompass domain II has a stability comparable to that of the clearly observed loop in domain II-2B, but it is not seen; in contrast, the observed small loop in domain II-1 corresponds well to a loop in the model but is predicted to be far less stable than the missing 680-nucleotide loop.
In domain III, both predicted loops were observed, and the order of their stability is in line with AG' values. In domain IV, a single loop is observed frequently, rather than the two loops which are both predicted to be frequent from the AG' values ( Table 2 ). The observed loop is also slightly larger than expected and may include an overlapping and incompletely resolved combination of the two predicted loops. The loops in domain V match the predicted results very well (except for the location of the smallest loop of this domain [cf. the similar problem in studies of E. coli 23S rRNA] [8] ). Consistent with the very negative AG' values, all three loops were among the most frequently observed.
The additional larger loops have no defined counterpart in the model structure (see Fig. 6 ), although they often occur as "superloops" in molecules along with the standard structures of domains III to V (Fig. 5 Table 3 lists all the loops larger than 100 nucleotides predicted for the two species and the difference between the AG' values that we calculated for each of the corresponding loops in the two species. Because the predicted and observed loops for the two species are largely in agreement, observed loops can be indicated on the secondary structure map for the E. coli 23S rRNA (Fig. 6 ). The individual features identified in domains II-1, II-2, III, and V are similar in both species (Fig. 6 ).
The primary difference between these samples is in the relative and absolute frequencies of the various composite loops. These differences are most obvious in domains I, IV, and VI. The 5'-terminal loops in domain I occurred much less frequently in B. stearothermophilus than in the corresponding E. coli samples, even though they are predicted to be much more stable (Table 3) . Also, in this domain the two large terminal loops are not resolved in the B. stearothermophilus samples, whereas the larger loop clearly dominates the pattern in E. coli. Because of this difference, the interaction is not indicated for B. stearothermophilus rRNA in Fig. 6 .
In domain II, in contrast, of the two loops in Fig. 6 , the smallII-1 loop is predicted to be less stable than in E. coli, but the loop is appreciably more frequent. The predicted large 680-nucleotide loop is not seen in either species (see above).
In domain III, both species show two loops (Fig. 6) In domain IV, the most prominent features shift from the 340-nucleotide loop in E. coli (Fig. 6) In domain V, all the loops in B. stearothermophilus were expected to be more stable, and their frequency is indeed higher (Fig. 5 and Table 2 ).
The small domain VI near the 3' end in E. coli samples (Fig. 6 ) was predicted to be relatively weak in B. stearothermophilus and is not seen under any of the ionic conditions investigated.
Thus, the greatest discrepancy from predictions is seen in the 5'-terminal domain. The (17) , and it will be of interest to see whether comparable trends in loop patterns and stabilities occur at those evolutionary extremes.
